A linear experiment dedicated to the study of driven magnetic reconnection is presented. The new device (VINETA II) is suitable for investigating both collisional and near collisionless reconnection. Reconnection is achieved by externally driving magnetic field lines towards an X-point, inducing a current in the background plasma which consequently modifies the magnetic field topology. Owing to the open field line configuration of the experiment, the current is limited by the axial sheath boundary conditions. A plasma gun is used as an additional electron source in order to counterbalance the charge separation effects and supply the required current. Two drive methods are used in the device. First, an oscillating current through two parallel conductors drive the reconnection. Second, a stationary X-point topology is formed by the parallel conductors, and the drive is achieved by an oscillating current through a third conductor. In the first setup, the magnetic field of the axial plasma current dominates the field topology near the X-point throughout most of the drive. The second setup allows for the amplitude of the plasma current as well as the motion of the flux to be set independently of the X-point topology of the parallel conductors. a) hannes.bohlin@ipp.mpg.de
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I. INTRODUCTION
Magnetic reconnection is a topological rearrangement of magnetic fields resulting in a conversion of magnetic energy into kinetic and thermal energy [1] [2] [3] . This process takes place in the current sheet formed at the boundary between opposed magnetic fields and is thought to play an important role in space phenomena, such as solar flares 4 and at Earth's magnetosphere 5 , as well as in fusion experiments 6, 7 . Despite intense research on the topic over the last decades and a vast quantity of information obtained through space observations 8, 9 , numerical simulations 10,11 and experiments [12] [13] [14] [15] [16] [17] [18] [19] , the underlying processes of magnetic reconnection are still not fully understood. For plasmas with high resistivity and small length scales, simple magneto-hydrondynamic (MHD) models give an adequate description of reconnection 4, 20, 21 .
However, these models are insufficient when describing reconnection in nearly collisionless plasmas and it has been found that the reconnection proceeds much faster than predicted in these cases 1 . It is widely believed that fast collisionless reconnection is facilitated through two-fluid Hall processes 22 as well as through anomalous resistivity due to fluctuations in the current sheet 23 . The relative importance of the two processes is however under debate 2 .
One of the major unresolved issues of reconnection is exactly how the magnetic energy is converted to kinetic energy of the electrons and ions, a process which has, for example, been indirectly observed through X-ray images of solar flares 24 . The description of reconnection is often simplified by using two-dimensional geometry, however, a magnetic field component perpendicular to the reconnection field (guide field) has been found to play an important role in the dynamics of reconnection 25, 26 . Both the reconnection rate 12 as well as the shape of the current sheet 27, 28 has been observed to be affected by the guide field component.
Other unresolved issues include how global boundary conditions influence reconnection and the cause for impulsive reconnection [1] [2] [3] .
The observation of reconnection in space and fusion plasmas is often hampered by technical limitations and harsh environments. Dedicated experiments provide a wide range of plasma parameters and enable a controllable environment which allows for a detailed study of the mechanisms involved in reconnection. There are a number of past and present day devices devoted to the study of magnetic reconnection, with one of the earliest experiments carried out by Stenzel and Gekelmann on a linear device at UCLA 12 .
Other major experiments include TS-3/4 at the University of Tokyo 13 , the Magnetic Reconnection Exper-
The study of the detailed physical processes involved in reconnection necessitates an experimental device with plasma parameters which allow for the study of kinetic effects as well as the formation of current sheets large enough to be spatially resolved with the available diagnostics. The new linear device VINETA II has been designed for the study of driven magnetic reconnection. The experiment utilizes two parallel conductors for creating an X-point topology. The drive of the field lines is achieved by an oscillating current through either the two conductors or through an additional third coil. The main aims and issues to be addressed are the following: 1. Transition from resistive to collisionless reconnection. 2.
Reconnection in partially ionized plasmas. 3. The influence of global boundary conditions. 4.
Reconnection with a significant guide field component and three-dimensional reconnection.
5. Particle kinetics in the current sheet. 6. Study of electromagnetic fluctuations in the current sheet and coupling of externally driven fluctuations to the reconnection event.
The paper is organized as follows: In section IIA, the experimental device VINETA II is presented. In IIB, two methods for driving the reconnection are described. 
B. Reconnection drive
Reconnection in VINETA II is achieved by externally driving the magnetic field lines towards the X-point, thereby inducing a current in the background plasma which consequently modifies the magnetic field topology. The oscillating current for the drive is produced via a resonant LC circuit. The inductance of the reconnection wire in combination with a variable capacitance allows for a frequency range of the drive of between 60 and 100kHz. The frequency dependence of the maximum absolute value of the current through the conductors is shown in figure 2 (b). Due to the increasing impedance, the current amplitude decreases with increasing drive frequency. The choice of the frequency is based on a compromise between the time resolution of the available diagnostics and making the resistive layer width small enough for kinetic effects to be important 1 . The resistive layer width is given by
Here τ drive is the timescale of the reconnection (set by the reconnection drive) and η is the resistivity. For the study of kinetic effects ∆ res must be smaller than the kinetic spatial plasma scales 1 , i.e. the collisionless skin depth δ and and the ion sound gyroradius ρ s , defined as
Here c denotes the speed of light, ω pe the electron plasma frequency, c s the ion sound speed, and ω ci the ion gyro frequency. Due to the open field line configuration of the experiment, the plasma current generated in response to the drive is not free to flow, but is limited by the axial sheath boundary conditions. This results in the build-up of an electrostatic electric field along the guide field, which counterbalances the inductive electric field to provide ambipolarity of the fluxes to the walls. Assuming a collisionless sheath boundary condition and using the Bohm sheath criterion, the Debye flux yields a current density of
Here, c s is the ion sound speed and Λ =ln M i /2πm e with M i the ion mass m e the electron mass. Taking the central temperature and density values shown in figure 1(c) and making the assumption that Φ is approximately 2-3 times the electron temperature, this sets an upper limit of the current density at the X-point of J D ≈ 2kA/m 2 . In comparison, assuming
Spitzer resistivity, an inductive electric field generated by the reconnection drive of E ind ≈ 150V/m requires a current density of j ≈ 500kA/m 2 . Thus, an additional electron source is needed to counterbalance the charge separation effect and to provide the current in response to the inductive field. In VINETA II this is achieved using a plasma gun, which produces electrons through an arc discharge 34 .
Two approaches are utilized for driving the reconnection. 
as a function of the effective plasma size λ
Here η Sp is the Spitzer resistivity and v A = B rec / √ µ 0 nm i is the Alfvén speed based on the in-plane reconnection magnetic field component B rec . L CS = εL is the length of the 
Diffusion time τ dif f 10µs 30µs
Resistive layer width ∆ res 7cm 4cm
Collisionless skin depth δ 2mm 5cm
Ion sound gyroradius ρ s 1cm 16cm
current sheet for the plasma size L, where ε is typically chosen between 36 0 ≤ ε ≤ 0.5. 
D. Diagnostics
In order to study reconnection it is essential to obtain a detailed description of the electromagnetic fields and currents that, along with the evolution of plasma parameters such as temperature and density, characterize the system. The plasma parameters are obtained using Langmuir probe measurements and the magnetic reconnection field is measured using induction coils 37, 38 that are scanned on a shot-to-shot basis through the entire poloidal plasma cross section using a high precision positioning system. This allows for the determina- towards the third conductor. The time-derivative of the drive current is taken as an approximation of the inductive field (dotted line in figure 5(a) ). An initially high electric field is induced as the drive turns on and then follows the current with a −π/2 phase shift. The maximum inductive field at the center was approximately 150V/m for this measurement. A small bump in the electric field can be seen as the current through the conductors changes direction, which is related to the switching of the insulated-gate bipolar transistors (IGBT) of the reconnection drive circuit.
III. EXPERIMENTAL RESULTS

First
The current from the gun has an initial peak then decreases within a few microseconds to a small, relatively constant current of a few Ampere. This current is most likely due to an electrostatic field in the system. As the reconnection drive sets in, the inductive field initially acts to inhibit this background current, and a current is only inductively extracted from the gun when the inductive field becomes positive i.e. points towards the gun. .
It is also clear that the in-plane magnetic field barely modifies the shape of the current sheet.
The position and shape of sheet is mainly determined by the position and aperture of the plasma gun. This is due to the guide field being much higher in comparison to the in-plane reconnection field for the latter to be able to significantly influence the shape.
Reconnection measurements using setup B are shown in Figure 6 . Figure 6(a) shows again the oscillating current through the third conductor (solid line), the current extracted from the plasma gun (dash-dotted line), and the inductive electric field as approximated by time-derivative of the drive current (dotted line). The current through the parallel conductors creating the X-point topology was approximately 1kA. Since the inductive field is much lower than for setup A (maximum of approximately 17 V/m at center), the current extracted from the gun is, as expected, also lower with a peak value of 9A. Furthermore, the inductive field is not high enough to completely inhibit the background current but merely acts to modulate it. The absolute magnetic field and current density are plotted for three time points, indicated by roman numerals I-III in figure 6(a) . The motion of a field line is highlighted in 6(b)-(d) with a dotted line. At time instant I the plasma gun discharge has not yet started and there is no current flowing (c.f. figure 6(e) ). Hence, the field topology is defined by the two parallel conductors only. The field line remains stationary at this position until the gun starts discharging and the background current initially pushes the field line outwards. As the drive sets in, the field line is pushed further outwards until the current though the conductors reaches its maximum and the inductive field changes direction (time instant II). At this point in time, the current in figure 6(f) mainly consists of the background current. The inductive field then starts to extract an additional current as the field line starts to be pulled back. At time instant IV, the extracted current has reached its maximum of 9A.
In figure 6 (f), the current density can clearly be seen to have increased due to the inductive field. Shortly afterwards, the drive current reaches its maximum and the inductive field changes direction again, and as a result the field line is once more pushed away. From figure 6(b)-(e) it is clear that the neutral sheet remains throughout the reconnection event and does not evolve into three minima as in the case of setup A. This is due to the current being much lower and not as highly concentrated at the X-point. The X-point is also initially at (x,y) = (0,0)cm but can be seen to move slightly due to the asymmetry of the third coil, to (x,y) = (0,0.5)cm at time instant II and to (x,y) = (-1,0.5)cm at time instant III, but the motion is much smaller than the current sheet width.
Since this measurement was made using a much smaller guide field than in the measurement with setup A the current sheet is no longer determined solely by the aperture of the plasma gun but is instead modified by the X-point topology and elongated along the separatrix.
IV. SUMMARY AND CONCLUSION
A new experiment, VINETA II, dedicated to the study of driven magnetic reconnection was presented. The main research goals of the device are to study the fluctuations associated with reconnection, the effect of boundary conditions, three dimensional reconnection and the influence of the guide field. The setup of the experiment is highly versatile and allows for a number of important parameters influencing the reconnection event to be changed independently. The range of plasma parameters achievable in the device, along with the timescale of the drive, also allows for the study of reconnection in both collisional and near collisionless reconnection.
The driving of the field lines is achieved either by an oscillating current through two parallel conductors (setup A), or by having a stationary X-point topology and driving the reconnection by an oscillating current through a third conductor (setup B). For setup A the current drawn from the gun was found to dominate the magnetic field topology at the X-point, tearing the neutral sheet apart and forming three minima. This result was similar to what Stenzel and Gekelmann found in their experiment at UCLA 12 . There are also periods of time when an inductively driven current is flowing but no X-point topology is present. Furthermore, the driving of the flux is done by the same coils generating it, which complicates the interpretation of the data. Setup B was found to be a more suitable approach to drive the reconnection since the the inductive field can be set independently of the X-point topology and hence the current can be varied. Additionally, the X-point topology is always present and the flux is simply moved in and out of the X-point. However, due to the asymmetry introduced by the third coil, the X-point moves slightly due to the oscillating current. If needed this could be circumvented by using four conductors instead of three. It was found that the shape of the current sheet was mainly determined by the aperture of the gun for high B guide /B rec . A planned upgrade of the PFN will allow for an increase of the in-plane field, and hence for the X-point topology to have a significant effect on the current sheet geometry also at high B guide .
